Corrosion inhibition of mild steel by adenine (AD) in 0.1 M solutions of HCl and H 2 SO 4 was investigated using weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy techniques. The study was carried out at 30°C and 60°C respectively. The effect of iodide ions on inhibition efficiency was also assessed. Results showed that AD had a moderate inhibitive effect on the acid corrosion of mild in the order HCl > H 2 SO 4 at 30°C and H 2 SO 4 > HCl at 60°C. The presence of iodide ions in the acid media increased the efficiency of AD. From potentiodynamic polarization studies, it was observed that AD alone and the mixture of AD+KI surpressed both the anodic and cathodic partial reactions. The corrosion processes were inhibited by adsorption of AD onto the mild steel surface in a concentration and temperature-dependent manner. Langmuir isotherm was used to explain the adsorptive characteristics of AD.
Introduction
Mineral acids find extensive applications in many industries : chemical, fertilizer, steel, mineral, water, oil, food, etc. (Dillon, 1994) . The acidic properties of their ionized, aqueous solutions are due to the presence of hydrogen ion H + and its complexed form hydronium ion H 3 O + . The dissolution of metals in solutions of acids is a heterogeneous electrochemical reaction. Initially two phases coexist -a solid and a liquid, but as the reaction starts, a third phase appears -hydrogen gas, evolving from the metal surface. The kinetics of the dissolution process depends on the collision between the solvated protons and "active sites" on the metallic crystal surface; promoting anodic dissolution (Schorr et al., 2008; Sherif & Park, 2006; Mattson & Bockris, 1959) . Hence, metal surfaces exposed to aqueous acidic environments are observed to undergo corrosion attack. The corrosion of mild steel in any given environment may proceed via different mechanisms and manifest in various forms. In a bid to reducing corrosion, some organic compounds called inhibitors are added to the agressive solution in contact with the metal surface thereby inhibiting corrosion and reducing the corrosion rate of the metal (Sastri, 1998) .
Adenine is a purine reported to be a potential inhibitor for corrosion prevention of mild steel and copper in acid and neutral media (Scendo, 2007a (Scendo, , 2007b (Scendo, & 2008 Amin et al., 2008; Yan et al., 2008) . It is well known that the type of corrodent and metal, temperature of the understudy system as well as concentration and molecular structure of an inhibitor, are important factors for consideration in assessing the effectiveness of an inhibitor (Lashgari et al., 2010; Khaled, 2010; Oguzie, 2008; Eddy et al., 2010) . The present study investigates the effect of type of acid anions on the corrosion inhibition potential of adenine in hydrochloric and sulphuric acid solutions. 
Experimental

Material
Metal sheet of composition (wt.%: Mn (0.6), P (0.36), C (0.15), Si (0.03) and the rest Fe) was used in this study. Acid solutions of 0.1 M HCl and H 2 SO 4 were prepared by diluting analytical grades with distilled water. Solutions of the inhibitor were prepared at the concentration range 2.0 x 10 -3 -10.0 x 10 -3 M in acid media. The effect of iodide ions on inhibition efficiency was studied at 30°C by combining 5.0 x 10 -3 M KI. All reagents were obtained from Zayo-Sigma Chemicals. Figure 1 shows the molecular structure of adenine.
Experimental Procedure
Weight Loss Measurements
Mild steel coupons of dimension 5.0 cm × 4.0 cm × 0.15cm were cut and wet-polished with silicon carbide abrasive paper (from grade #400 to #1000), rinsed with distilled water, dried in acetone and warm air, and weighed before immersion in the test solutions. The mild steel coupons were retrieved from the test solutions at 24 h progressively for 120 h at 30°C and 60°C respectively. The retrieved coupons were immersed in a 40% NaOH containing 100 gL -1 of zinc dust, scrubbed using a bristle brush, rinsed with distilled water and ethanol, dried and re-weighed. All experiments were carried out in aerated solutions.
Electrochemical Measurements
Metal samples for electrochemical experiments were machined into test electrodes of dimension 1 × 1 cm 2 and sealed with epoxy resin in such a way that only one square surface area (1 cm 2 ) was left uncovered. The exposed surface was cleaned using the procedure described above. Electrochemical tests were conducted in a Model K0047 corrosion cell using a VERSASTAT 400 complete DC voltammetry and corrosion system, with V3 Studio software. A graphite rod was used as a counter electrode and a saturated calomel electrode (SCE) as a reference electrode. The latter was connected via a Luggin capillary. Measurements were performed in aerated and unstirred solutions at the end of 1 h of immersion at 30°C. Impedance measurements were made at corrosion potentials (E corr ) over a frequency range of 100 KHz-10 MHz, with a signal amplitude perturbation of 5 mV. Potentiodynamic polarization studies were carried out in the potential range ±250 mV versus corrosion potential at a scan rate of 0.33 mV/s. Each test was run in triplicate.
Results and Discussion
Weight Loss Measurements
Weight Losses and Corrosion Rates of Mild Steel
The rates of mild steel corrosion in 0.1 M solutions of hydrochloric and sulphuric acid at 30 and 60°C are shown in Figure 2 . The plots represent the results obtained for a 5-day immersion period. The results obtained show that AD manifested a higher inhibiting effect on mild steel in HCl at 30°C and in H 2 SO 4 at 60°C . This is an evidence that the degree of protonation as well as nature of the acid anions influence the corrosion process (Lashgari et al., 2010; Oguzie, 2008) .
The corrosion rate, CR gcm -2 h -1 , as a function of exposure time was calculated using the equation (Eddy et al., 2010): where ∆W is the weight loss in g, A is the exposed area of the coupon (in 2 ; 1 in 2 = 6.5146 cm 2 ) and T is the immersion time (h). The results obtained are presented in Table 1 . Figure 3 reveals the corrosion-inhibiting effect of AD on the corrodents, which becomes more pronounced with increasing AD concentration, implying a dependence of the inhibition process on the amount of the inhibiting species present in the system. Again, the plots suggest that not only the inhibitory power of AD increases with concentration but the performance also is a function of the acid type and temperature.
The inhibition efficiency (IE%) of AD in the acid media was calculated using the equation (Eddy et al., 2010) : 
Electrochemical Measurements
Impedance and potentiodynamic polarization tests were undertaken at 30°C to study the inhibiting effect of AD on the electrochemical corrosion behavior of mild steel in the acid media. The optimum concentration of 0.01 M AD was used for the electrochemical measurements.
Potentiodynamic Polarization Data
Polarization measurements were undertaken to investigate the the behaviour of mild steel electrodes in 0.1 M solutions of HCl and H 2 SO 4 in the absence and presence of AD. The current -potential relationship for the mild steel electrode at various test solutions is shown in Figures 4-5 , while the electrochemical data obtained from the polarization curves are summarized in Table 2 . Addition of AD is seen to affect the anodic as well as the cathodic partial reactions, shifting the corrosion potential (E corr ) toward more positive (anodic) values and reducing the anodic and cathodic current densities and the corresponding corrosion current density (i corr ). The shift in (E corr ) was profound in both HCl and H 2 SO 4 systems. This indicates that AD functioned as a mixed-type inhibitor in the acid solutions (Scendo, 2007a (Scendo, , 2007b (Scendo, & 2008 Amin et al., 2008; Yan et al., 2008) . The values of corrosion current densities in the absence (i corr ) and presence of inhibitor (i inh ) were used to estimate the inhibition efficiency from polarization data (IE i %) as follows:
The obtained values are presented in Table 2 . Nyquist plots show single semicircles for all systems over the frequency range studied (Figures 6-7) . The high frequency intercept with the real axis in the Nyquist plots is assigned to the solution resistance (R s ) and the low frequency intercept with the real axis is ascribed to the charge transfer resistance (R ct ). The impedance spectra were analyzed by fitting to the equivalent circuit model R s (Q dl R ct ) (Oguzie et al., 2009; Oguzie et al., 2010) . In this equivalent circuit, the solution resistance is shorted by a constant phase element (CPE) that is placed in parallel to the charge transfer resistance. The CPE is used in place of a capacitor to compensate for deviations from ideal dielectric behavior arising from the inhomogeneous nature of the electrode surfaces. The impedance of the CPE is given by (4) where Q and n stand for the CPE constant and exponent respectively, j = (−1) 1/2 is an imaginary number, and ω is the angular frequency in rad s −1 (ω = 2πf), where f is the frequency in Hz.
The corresponding electrochemical parameters are given in Table 3 and show that the presence of AD increased the magnitude of R ct , with corresponding decrease in the double layer capacitance (Q dl ). The increase in R ct values in inhibited systems which correspond to an increase in the diameter of the Nyquist semicircle, confirms the corrosion inhibiting effect of AD. The observed decrease in C dl values, which normally results in the double-layer thickness can be attributed to the adsorption of AD (with lower dielectric constant compared to the displaced adsorbed water molecules) onto the mild steel/acid interface, thereby protecting the metal from corrosion.
Inhibition efficiency from the impedance data was estimated by comparing the values of the charge transfer resistance in the absence (R ct ) and presence of inhibitor (R ct , inh ) as follows:
The magnitude and trend of the obtained values presented in Table 3 agree with those determined from gravimetric and polarization measurements. 
Synergistic Considerations
It has been reported that AD is an organic base which depending on its pH, can be present in aqueous solutions as protonated cationic species, neutral molecules, or dissociated anionic species. The protonated AD then exists in equilibrium with the molecular form. Literature reports reveal that the protonated cationic forms are more in solution in the pH range 0-2 while the neutral molecules of AD are the dominant species at pH range 5-9 (Scendo, 2007; Amin et al., 2008; Katritzky, 1984) . Figure 8a by polarization. The addition of KI produce more effects on the anodic and cathodic currents in both HCl and H 2 SO 4 solutions than those displayed by AD alone, shifting E corr in the anodic direction. Also, the corrosion current density decreases substantially, leading to higher inhibition efficiency in HCl and H 2 SO 4 as follows: 79.50% and 88.68%, compared to 69.90% and 46.13% respectively obtained for AD alone. This indicates a synergistic effect between AD and KI. Synergistic effects are also revealed in the impedance spectra obtained for mild steel on addition of 0.005 M KI to 0.1M HCl and H 2 SO 4 solutions containing 0.01 M AD. The results illustrated in Figure 9 , show that the presence of KI increased the diameters of the semicircles in the Nyquist plots and as well introduced an inductive element at low frequencies in the impedance response. The large high frequency capacity loop reflects further increase in the resistance to the charge transfer process of the reaction, including formation of a more compact inhibitor layer. The low frequency inductive behaviour may be as a result of bulk or surface relaxation processes due to the adsorption of intermediate products on the oxide film covering the electrode surface.
Corrosion inhibition synergism results from increased surface coverage arising from ion-pair interactions between the organic AD cations and the iodide ions (Oguzie, 2004) . The different acid anions might however compete with iodide ions for active sites on the metal surface leading to a lower synergistic effect depending on the pH of the bulk solution and that which is obtainable at the metal/acid interface. However, our results indicate that the presence of some specifically adsorbed iodide ions enhanced adsorption of AD cations and hence augmented the inhibition efficiency in H 2 SO 4 and slightly in HCl. The inhibition efficiency values obtained from the different techniques are listed in Table 4 and show close similarities. 
Thermodynamics and Adsorption Considerations
The specific mechanism by which an inhibitor reacts with the surface of a metal is a function of the type and composition of metal, corrosive agent , inhibitor structure and concentration, and temperature of the system under investigation. The adsorption mechanism of AD on mild steel was investigated by changing the temperature of the systems from 30°C to 60 °C. The trend in inhibition efficiency against temperature is shown in Table 1 . The apparent activation energies (E a ) for the corrosion process in absence and presence of AD were calculated using a modified form of the Arrhenius equation:
.
Where ρ 1 and ρ 2 are the corrosion rates at temperatures T 1 and T 2 , respectively. The heats of adsorption (Q ads ) was quantified from the trend of surface coverage with temperature as follows (Bhajiwala & Vashi, 2001 ):
where θ 1 and θ 2 are the degrees of surface coverage at temperatures T 1 and T 2 , and R is the gas constant. The calculated values for both parameters are given in Table 5 . The values reveal that inhibition efficiency increased with rise in temperature in 0.1 M H 2 SO 4 , E a in the presence of AD was lower than that in the uninhibited acid.
The positive values of Q ads implies an increase in degree of surface coverage with rise in temperature, indicative of chemisorption. The decrease in inhibition efficiency with increase in temperature for AD in HCl as well as a negative Q ads values suggests physisorption and also signifies that the degree of surface coverage decreased with rise in temperature, E a tend to decrease on addition of AD to mild steel in HCl solution. The reason for this, as suggested by Oguzie (Oguzie, 2004) may be that equilibrium is rapidly attained in physical adsorption resulting in desorption whereas in chemisorptions, the process is relatively slow and not readily reversible.
Langmuir isotherm best describes the adsorption of AD onto the mild steel surface (Figure 11 ). Linear plots were obtained with deviations of the slope from unity while correlation coefficients (R 2 ) obtained from the plots were greater than 0.98 at both temperatures. This implies that the isotherm may not be strictly applicable. Similar results have been reported by other authors (Yan et al., 2008; Oguzie, 2004 Oguzie, & 2008 Umoren, 2009 ).
Langmuir isotherm is given by (Lebrini et al., 2006) : 
Conclusion
Results obtained from the study show that AD inhibited the corrosion of mild steel in 0. in HCl and H 2 SO 4 respectively. Polarization measurements suggest a mixed-inhibition mechanism, which the impedance data indicate was achieved via adsorption of the species on the carbon steel surface.
